ABSTRACT: The structure 3,4-dihydroxy-2, 4,6,8-tetramethyldec-8-enolide (1) was assigned to a metabolite of Botrytis cinerea, but the spectra of several synthetic analogues had significant differences from that of 1. Examination of the constituents of a B. cinerea mutant that overproduces polyketides gave sufficient quantities of 1, now named cinbotolide, for chemical transformations. These led to a revised γ-butyrolactone structure for the metabolite. This structure has been confirmed by an asymmetric total synthesis, which also established its absolute configuration.
■ INTRODUCTION
Botrytis cinerea is a well-known phytopathogen that forms a damaging gray mold on a large number of commercial crops. 1 Numerous metabolites have been isolated from this fungus.
2−4 Among these 1 was a polyketide for which the structure 3,4-dihydroxy-2,4,6,8-tetramethyldec-8-enolide was proposed. 5 However, 11-membered lactones are rare, and there are only a few examples that have been found in nature. 6 In the context of our interest in the metabolites of B. cinerea, we have recently attempted to verify the structure of 1 by means of a total synthesis. We obtained several analogues of this structure, among them the (Z)-isomer 2 containing a MOM protecting group (Figure 1) . However, the spectroscopic data of these analogues had significant differences from those reported for the natural product, which suggested that its structure should be revised. 7, 8 In the literature there are a number of precedents for corrections 9−15 to the structures of medium-sized lactones.
The study of a mutant of B. cinerea, bcbot4, which overproduces polyketides including this metabolite, which we have now named cinbotolide, gave sufficient material for us to carry out simple chemical transformations to clarify its structure. The carbon framework of cinbotolide had been unequivocally established 5 on the basis of the HSQC and HMBC heteronuclear correlations. However, in the light of our synthetic work with the analogues, a significant observation was the absence of a three-bond through-oxygen HMBC correlation for the OCOCH system in the natural product. This led us to consider an alternative γ-butyrolactone structure 3 for cinbotolide. 8 This lactone might arise by a biosynthetic ring closure of a putative hydroxy-acid precursor involving the nucleophilic attack of a hydroxyl group at C-4 on the terminal carboxylic acid. The γ-butyrolactone would be thermodynamically more stable than the 11-membered lactone.
■ RESULTS AND DISCUSSION
Acetylation of cinbotolide 1 under standard conditions quantitatively afforded a diacetate 4 (Scheme 1). The chemical shifted observed for signals assigned to H-10 and the HMBC correlation between the signals assigned to H-10 and H-3 and those assigned to the carbonyl groups of the acetates indicated that the free hydroxyl groups were located at C-3 and C-10 ( Figure 2 ) and are incompatible with the original structure. The IR spectrum of the diacetate had carbonyl absorption at 1775 and 1740 cm −1 corresponding to the presence of a γ-butyrolactone and acetate esters. Although cinbotolide itself had IR absorption at 1748 cm −1 which is rather low for a γ-butyrolactone, this might be affected by hydrogen bonding from the hydroxyl group at C-3. 16 Treatment of cinbotolide with p-bromobenzoyl chloride gave a mono-p-bromobenzoate 5 and di-p-bromobenzoate 6 (Scheme 1) for which similar IR and results were obtained (Scheme 1).
In the NMR spectra of compound 4, there were NOE interactions between H-2, H-3 and C4-Me ( Figure 2 ) that supported the relative configuration of the ring as 2R*,3S*,4S*.
Riguera's variable-temperature NMR method 17 was used to determine the absolute configuration at C-3. Esterification of compound 5 with (R)-MPA ((R)-methoxyphenylacetic acid) afforded compound 7 in 76% yield. The variable-temperature 1 H NMR analysis of 7 revealed a negative Δδ T 1 T 2 value for H-5′ and a positive value for the C2-Me (Figure 3 ), which indicated a S-configuration for C-3. Together with the NOE effects observed for compound 4, this supports the absolute configuration for the ring as 2R,3S,4S, but leaves the configuration at C-6 undetermined.
In order to confirm the new γ-butyrolactone structure for cinbotolide and establish the absolute configuration of the methyl group in the side chain we have carried out an asymmetric total synthesis of both epimers at C-6. A retrosynthetic analysis of both C-6 epimers of cinbotolide is shown in Scheme 2. In this approach the stereochemistry of the methyl group at C-6 can be effectively controlled through an amidation of the carboxylic acid 10 using a suitable chiral auxiliary and subsequent methylation. Conversion of this compound 9 into the aldehyde 8, followed by an anti asymmetric aldol reaction and lactonization, would then provide, separately, both C-6 epimers of cinbotolide.
First the carboxylic acid 10 was prepared following the synthetic route shown in Scheme 3 using the inexpensive geraniol as a starting material. The hydroxyl group of geraniol was protected using MOMCl to afford compound 11 which was then subjected to a chemoselective epoxidation with m-CPBA at low temperature to give the epoxide 12 in 83% yield. This compound was transformed into the intermediate carboxylic acid 10 by HIO 4 hydrolysis of the epoxide followed by the subsequent cleavage of the diol, to generate the aldehyde 13. Further oxidation with Jones's reagent gave 10 in an overall yield of 82% from 12.
The enantioselective methylation of the carboxylic acid 10 in which the primary alcohol was protected as its benzyl ether, has been previously described by Zhou et al. in the synthesis of (−)-kazusamycin A. 18 Following this procedure, compound 10 was converted to the amide 14 using the oxazolidinone (S)-15 in 78% yield (Scheme 4). Enantioselective methylation with MeI afforded 18−20 compound 9 in 74% yield and 92% de.
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This produced the "S" stereochemistry for the methyl group at C-6 according to the empirical rule generally accepted. 19 Reductive cleavage of the oxazolidinone with NaBH 4 gave the alcohol 16 in 93% yield. This was subjected to a one-pot oxidation/olefination using the TEMPO-BAIB system and (carbethoxyethylidene)triphenyl phosphorane 22 to stereoselectively produce the ester 17 in good yield. Reduction of the ester group with DIBAL and subsequent Sharpless asymmetric epoxidation with (−)-DIT 23−25 afforded the epoxide 19a in 78% yield and 80% de. 21 Reductive cleavage of the latter with LiAlH 4 gave rise to the diol 20a with the correct stereochemistry at the C-4 position of the natural product. Sequential protection of the primary and tertiary hydroxyl groups with TBS and MOM respectively followed by desilylation and oxidation with PCC, afforded the aldehyde 8a in good overall yield (Scheme 4).
Condensation of the aldehyde 8a with the appropriate oxazolidinone (Scheme 5) by the procedure reported by Evans, 26, 27 afforded via methanolysis of the silyloxy derivative, the anti-aldol product 24a in 67% yield and 95% de. 21 Finally, although several sets of conditions were examined for the removal of the MOM protecting groups, the γ-butyrolactone 3a was only obtained in low yield when the deprotection was carried out using p-TsOH in methanol. 28 Efforts to improve the yield in the deprotection/lactonization reaction were not continued because this lactone showed slight differences in its NMR data when compared to those reported for cinbotolide. This applied especially to the H-5 and H-7 protons resonances while the H-10 protons appeared as a twoproton doublet while in cinbotolide they were resolved into two separate doublet of doublets (Table 1) .
At this point, we carried out the synthesis of the corresponding epimer at C-6 following a similar synthetic strategy to that described in Schemes 4 and 5. The adduct ent-9 was prepared in good yield and de from the carboxylic acid 10 by amidation with (R)-15 and enantioselective methylation with MeI. 19 Compound ent-9 was converted to compound 24b in good overall yield following the route outlined in Scheme 6. In order to confirm the absolute stereochemistry of the alcohol group at C-3, we carried out different attempts to obtain the MPA or MPTA ester in the hydroxyl group at C-3 for the 30 in refluxing t-BuOH was used, the γ-butyrolactone 3b was obtained in 65% yield. The spectroscopic data for compound 3b were identical with those reported for cinbotolide. 5 Since the optical rotation of the natural product had not been reported previously, the synthetic lactone was converted to its diacetate whose optical rotation showed the same sign and magnitude as 4 (−10.3°, c = 0.30, CHCl 3 ).
Additionally the absolute configuration of alcohol group at C-3, was confirmed by esterification of 3a and 3b with (R)-MPA afforded compounds 27a and 27b respectively. The Riguera variable-temperature 1 H NMR analysis of both compounds 17 indicated a negative Δδ T 1 T 2 value for H-5′ and a positive value for the C2-Me (Scheme 7), which confirmed an S-configuration for C-3. NOE experiments supported the absolute configuration for the carbons C2−C4 as 2R,3S,4S.
■ CONCLUSIONS
The synthesis of the derivatives 4−7 of cinbotolide have led us to correct the previously published structure to that of the γ-butyrolactone 3b. This structure has been confirmed by an asymmetric total synthesis of the two possible epimers at C-6 involving a 16-step synthetic sequence from geraniol. This has established the absolute stereochemistry of cinbotolide as 2R,3S,4S,6R.
■ EXPERIMENTAL SECTION
General Experimental Methods. Unless otherwise noted, materials and reagents were obtained from commercial suppliers and were used without further purification. Dichloromethane, ethyl acetate and triethylamine were freshly distilled from CaH 2 and tetrahydrofuran was dried over sodium and benzophenone and freshly distilled before use. Air-and moisture-sensitive reactions were performed under an argon atmosphere. Purification by semipreparative and analytical HPLC was performed, respectively, with 250 mm × 10 mm (10 μm particles) and 250 mm × 4 mm (5 μm particles) columns using a differential refractometer detector. Silica gel was used for column chromatography. TLC analyses were performed on aluminum plates coated with silica gel with fluorescent indicator (254 nm), 0.25 mm thick. Specific rotations were determined with a digital polarimeter. Infrared spectra were recorded on a FT-IR spectrophotometer and peak position reported in wavenumbers (cm −1 ). 1 H and 13 C NMR measurements were recorded on 400, 500, and 600 MHz spectrometers with SiMe 4 as the internal reference. Chemical shifts are reported in parts per million (ppm) and were referenced to CDCl 3 (δ H 7.25, δ C 77.0), CD 2 Cl 2 (δ H 5.32, δ C 54.0), C 6 D 6 (δ H 7.16, δ C 128.4) and acetone-d 6 (δ H 2.09, δ C 29.0). NMR assignments were made using a combination of 1D and 2D techniques. Multiplicities are described using the following abbreviations: s = singlet, d = doublet, t = triplet, q = quarter; quint = quintuplet; sext = sextuplet; m = multiplet, br = broad. High-resolution mass spectroscopy (HRMS) was recorded with a double-focusing magnetic sector mass spectrometer in positive ion mode, or in a QTOF mass spectrometer in positive ion electrospray mode at 20 V cone voltage or in positive ion APCI mode.
Acetylation of Natural Product 1. Pyridine (2 drops) was added to a solution of natural product 1 (3.0 mg, 0.01 mmol) in acetic anhydride (0.5 mL) at 0°C and stirred at room temperature for 18 h. Then, cyclohexane was added (2 mL), and the solvent was evaporated under reduced pressure. This procedure was repeated three times to give quantitatively (3R,4S,5S,2′R,4′E)-4-acetoxy-5-(6-acetoxy-2, (4) (11) . Chloromethyl methyl ether (MOMCl) (8.2 mL, 109.1 mmol) was added slowly to a mixture stirred of geraniol (8 g, 51.9 mmol), N,N′-diisopropylethylamine (20 mL, 114.3 mmol), N,N′-dimethylaminepyridine (1269 mg, 10.4 mmol) in dry CH 2 Cl 2 (250 mL) at 0°C under an argon atmosphere, and the mixture was allowed to warm to room temperature stirring for 2 h. Then, saturated ammonium chloride solution (100 mL) and CH 2 Cl 2 (30 mL) were added, the layers were separated, and the aqueous layer was extracted twice with CH 2 Cl 2 (30 mL). The combined organic solution was washed with 1 N HCl (300 mL), saturated sodium bicarbonate (300 mL), twice with brine (300 mL), dried over anhydrous sodium sulfate and filtered. The solvent was evaporated under reduced pressure to give a crude product which was purified by silica gel column chromatography. Elution with petroleum ether:ethyl acetate (95:5) yielded the compound 11 (9430.5 mg, 91.7%) as a yellow oil. Spectroscopic data of compound 11 were identical to those described in the literature. 31 Preparation of (±)-(E)-6,7-Epoxy-1-(methoxymethoxy)-3,7-dimethylocta-2,6-diene (12) . A solution of m-CPBA (7010.4 mg, 31.3 mmol) in CH 2 Cl 2 (59.6 mL) was added at −20°C to a solution of (E)-1-(methoxymethoxy)-3,7-dimethylocta-2,6-diene (11) (6194.7 mg, 31.3 mmol) in CH 2 Cl 2 (128 mL). Once the reaction was completed (30 min.), a solution of 1 M NaOH was added (120 mL), and the mixture was allowed to warm to room temperature. Then, the layers were separated, and the aqueous layer was extracted twice with CH 2 Cl 2 (180 mL). The combined organic solution was washed with brine (300 mL), dried over anhydrous sodium sulfate and filtered. The solvent was evaporated under reduced pressure to give a crude product which was purified by silica gel column chromatography. Preparation of (E)-6-(Methoxymethoxy)-4-methylhex-4-enal (13) . A solution of HIO 4 (7260.2 mg, 31.5 mmol) in water (28 mL) was added to (±)-(E)-6,7-epoxy-1-(methoxymethoxy)-3,7-dimethylocta-2,6-diene (12) (6134.7 mg, 28.7 mmol) dissolved in THF (48 mL) at 0°C and stirred for 20 min. Then, brine was added (35 mL), and the layers were separated, and the aqueous layer was extracted with ethyl acetate (3 × 80 mL). The combined organic solution was washed with saturated sodium bicarbonate (100 mL) and brine (100 mL), dried over anhydrous sodium sulfate and filtered. The solvent was evaporated under reduced pressure to give quantitatively the aldehyde 13 (4930.7 mg, 100%), which was used without chromatographic purification. (14) . A round-bottom flask was flame-dried and charged with (E)-6-(methoxymethoxy)-4-methylhex-4-enoic acid (10) (2477.4 mg, 13.2 mmol) and Et 3 N (2.0 mL, 14.5 mmol) in dry THF (17.4 mL), and cooled at −78°C. Then, pivaloyl chloride (1.6 mL, 13.2 mmol) was added dropwise, and the mixture was stirred at −78°C for 10 min, and 0°C for 30 min. In a separated flame-dried round-bottom flask charged with argon, a solution of (4S)-benzyloxazolidin-2-one ((S)-15) (2354.1 mg, 13.3 mmol) in dry THF at −78°C was added n-BuLi (2.5 M solution in Hexane, 5.3 mL, 13.3 mmol). The chelated oxazolidinone was transferred via cannula to the solution of acid/Et 3 N/PivCl at −78°C, and the reaction mixture was allowed to warm to 0°C. The reaction was stirred for 1 h, and was quenched with aqueous solution of ammonium chloride (50 mL). Then, the layers were separated, and the aqueous layer was extracted with ethyl acetate (3 × 80 mL). The combined organic solution was dried over anhydrous sodium sulfate and filtered. The solvent was evaporated under reduced pressure to give a crude product which was purified by silica gel column chromatography. Elution with petroleum ether:ethyl acetate (75:25) (14) (1762.9 mg, 5.1 mmol) in dry THF (12.7 mL) and stirred for 1 h at the same temperature. Iodomethane (1.7 mL, 25.4 mmol) was added, and the reaction was monitored by TLC at −78°C (5 h). Then, an aqueous solution of ammonioum chloride (50 mL) was added (25 mL), and the mixture was allowed to warm to room temperature. The layers were separated, and the aqueous layer was extracted with ethyl acetate (3 × 40 mL). The combined organic solution was washed with brine (80 mL), dried over anhydrous sodium sulfate and filtered. The solvent was evaporated under reduced pressure to give a crude product which was purified by silica gel column chromatography. Elution with petroleum ether:ethyl acetate (75:25) Preparation of (S,E)-6-(Methoxymethoxy)-2,4-dimethylhex-4-en-1-ol (16) . NaBH 4 (1044.9 mg, 28.2 mmol) was added at 0°C to a stirred solution of (4S,2′S,4′E)-4-benzyl-3-[6-(methoxymethoxy)-2,4-dimethylhex-4-enoyl]oxazolidin-2-one (9) (2549.7 mg, 7.1 mmol) in a mixture 4:1 THF:H 2 O (35.2 mL). When TLC monitoring indicated the completion of the reaction (12 h), 1 N HCl was added until pH = 7. Layers were separated, and the aqueous layer was extracted with two portions of ethyl acetate (15 mL). The combined organic solution was washed with brine (30 mL), dried over anhydrous sodium sulfate and filtered. Solvent was evaporated under reduced pressure at 0°C to give a crude product which was purified by silica gel column chromatography. Preparation of (S,2E,6E)-8-(Methoxymethoxy)-2,4,6-trimethylocta-2,6-dien-1-ol (18) . Diisobutylaluminum hydride (DI-BALH) (7.8 mL of a solution 1.0 M in CH 2 Cl 2 , 7.8 mmol) was slowly added to a solution of (S,2E,6E)-ethyl 8-(methoxymethoxy)-2,4,6-trimethylocta-2,6-dienoate ((E)-17) (958.7 mg, 3.55 mmol) in dry CH 2 Cl 2 (11.1 mL) and cooled at −78°C. The reaction was stirred for 1 h at the same temperature and quenched with ethyl acetate (20 mL). Then, a saturated solution of Rochelle's salt (20 mL) was added, and the mixture was allowed to warm to room temperature while maintaining vigorous stirring for a further hour. The aqueous phase was extracted with ethyl acetate (3 × 50 mL), and the combined organic solutions were washed with brine (80 mL), dried over anhydrous sodium sulfate and filtered. Evaporation of the solvent under reduced pressure rendered a crude product that was purified by silica gel column chromatography. Elution with petroleum ether:ethyl acetate (70:30) yielded (S,2E,6E)-8-(methoxymethoxy)-2,4,6-trimethylocta-2,6-dien-1-ol (18) 4 (titanium-(IV) isopropoxide, 0.57 mL, 1.94 mmol) was added at −25°C to a solution of (−)-DIT ((−)-diisopropyl D-tartrate, 538 mg, 2.3 mmol) in dry CH 2 Cl 2 (13.9 mL) under an argon atmosphere. The mixture was stirred for 20 min and then, a solution of (S,2E,6E)-8-(methoxymethoxy)-2,4,6-trimethylocta-2,6-dien-1-ol (18) (551.8 mg, 2.4 mmol) in dry CH 2 Cl 2 (5.7 mL) was added slowly stirring for 20 min. Finally, TBHP (5.0−6.0 M solution in nonane, 0.9 mL, 4.84 mmol) was added slowly. When TLC monitoring indicated the completion of the reaction (2 h), diethyl ether (2 mL) and a saturated Na 2 SO 4 solution (2 mL) were added, and the mixture was allowed to warm to room temperature, stirred for an additional hour, filtered with Et 2 O (250 mL) through Celite, and the solvent evaporated. The crude was redissolved in diethyl ether (5 mL) and a solution of NaOH (153 mg) in brine (5 mL) was added at 0°C. The mixture was stirred vigorously for 2 h, and the aqueous layer was separated and extracted with three portions of ethyl acetate (15 mL). The combined organic solution was washed with brine (20 mL), dried over anhydrous sodium sulfate and filtered. Evaporation of the solvent gave a crude product that was purified by silica gel column chromatography. . Preparation of (2S,4S,6E)-8-(Methoxymethoxy)-2,4,6-trimethyloct-6-ene-1,2-diol (20a). LiAlH 4 (4.0 M solution in THF, 1.0 mL, 3.9 mmol) was added slowly at 0°C to a solution of (2R,3R,4S,6E)-2,3-epoxy-8-(methoxymethoxy)-2,4,6-trimethyloct-6-en-1-ol (19a) (432.6 mg, 1.8 mmol) in THF (11.2 mL) under inert atmosphere. The mixture was allowed to warm to room temperature and when TLC monitoring indicated the completion of the reaction (12 h), the mixture was recooled at 0°C and water (5 mL) and HCl 1N (2 mL) were added slowly until pH = 3. The layers were separated, and the aqueous layer was extracted with two portions of ethyl acetate (15 mL). The combined organic solution was washed with brine (30 The Journal of Organic Chemistry 122.2, 95.5, 73.2, 70.1, 63.5, 55.2, 49.3, 44.6, 26.6, 23.4 Preparation of (2S,4S,6E)-1-(tert-Butyldimethylsilyloxy)-8-(methoxymethoxy)-2,4,6-trimethyloct-6-en-2-ol (21a). A solution of tert-butylchlorodimethylsilane (501.4 mg, 2.76 mmol) in dry THF (1.7 mL) was added to a solution of imidazole (1257.8 mg, 18.4 mmol) and (2S,4S,6E)-8-(methoxymethoxy)-2,4,6-trimethyloct-6-ene-1,2-diol (20a) (566.5 mg, 2.3 mmol) in dry THF (3.2 mL) at 0°C under an argon atmosphere. The mixture was allowed to warm to room temperature and when TLC monitoring indicated the completion of the reaction (1.5 h), were added brine (5 mL). The organic layer was washed three times with brine (5 mL), dried over anhydrous sodium sulfate, filtered, and the solvent evaporated under reduced pressure. The crude product was purified by silica gel column chromatography. Elution with petroleum ether:ethyl acetate (92: When TLC monitoring indicated the completion of the reaction (3 h), the mixture was washed three times with brine (10 mL), dried over anhydrous sodium sulfate and filtered. The solvent was evaporated under reduced pressure to give a crude product which was purified by silica gel column chromatography. Preparation of (2S,4S,6E)-2,8-Bis(methoxymethoxy)-2,4,6-trimethyloct-6-enal (8a). Alcohol 23a (115.5 mg, 0.40 mmol) was dissolved in CH 2 Cl 2 (1 mL) and then added dropwise to a suspension of PCC (87.7 mg, 0.6 mmol) and powdered 4 Å molecular sieves (175.4 mg) in CH 2 Cl 2 (2 mL) at 0°C. The reaction was stirred vigorously at 0°C for 2 h, diethyl ether (6 mL) was then added, and the mixture was stirred for an additional 1 h. The suspension was filtered over a silica gel pad (petroleum ether:ethyl acetate, 80:20, 300 mL). The solvent was evaporated under reduced pressure at 0°C to give the aldehyde 8a (98.6 mg, 86%) that was used immediately in the next step. 
